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Because Staphylococcus aureus strains contain multiple virulence factors, studying their pathogenic role by
single-gene inactivation generated equivocal results. To circumvent this problem, we have expressed specific S.
aureus genes in the less virulent organism Strepfococcus gordonii and tested the recombinants for a gain of
function both in vitro and in vivo. Clumping factor A (CIfA) and coagulase were investigated. Both gene
products were expressed functionally and with similar kinetics during growth by streptococci and staphylo-
cocci. CIfA-positive S. gordonii was more adherent to platelet-fibrin clots mimicking cardiac vegetations in vitro
and more infective in rats with experimental endocarditis (P < 0.05). Moreover, deleting clfA from clfA-positive
streptococcal transformants restored both the low in vitro adherence and the low in vivo infectivity of the
parent. Coagulase-positive transformants, on the other hand, were neither more adherent nor more infective
than the parent. Furthermore, coagulase did not increase the pathogenicity of clf4-positive streptococci when
both clfA and coa genes were simultaneously expressed in an artificial minioperon in streptococci. These results
definitively attribute a role for CIfA, but not coagulase, in S. aureus endovascular infections. This gain-of-
function strategy might help solve the role of individual factors in the complex the S. aureus-host relationship.

Staphylococcus aureus is extremely well equipped in both
surface adhesins and secreted factors that mediate tissue col-
onization and infection (26). The expression of these factors is
orchestrated by the global regulators agr (accessory gene reg-
ulator) (23), sar (staphylococcal accessory regulator), and
maybe other determinants such as sigB (10, 24). Together, sar
and agr promote the expression of adhesins during exponential
growth and the secretion of soluble factors in the post-expo-
nential growth phase in vitro (8). Moreover, they were shown
to be critical for infectivity in experimental endocarditis and
other models in vivo (5, 7, 18, 36). Thus, S. aureus pathogenesis
depends not only on the intrinsic role of each individual factor
but also on their regulated interplay in the host-parasite rela-
tionship.

In such an intricate context, it appeared difficult to analyze
the pathogenic role of individual gene products by classical gene
inactivation experiments. For instance, experiments with adhe-
sin-defective mutants suggested that clumping factor A (CIfA)
had only a marginal role in experimental endocarditis (33),
whereas coagulase and fibronectin-binding proteins (FnBPs) A
and B had no effect (1, 17, 33). This was in marked contrast
with the visible coagulase activity in vitro and the fact that CIfA
and FnBPs conferred powerful bacterial adherence to host
proteins present in endovascular lesions (19, 31). Another puz-
zling observation was made with alpha-hemolysin (encoded by
hla) (3). On the one hand, /la-defective mutants were less
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infectious than the parent in experimental endocarditis; on the
other hand, hla overexpression on a multicopy plasmid also
decreased infectivity (3). This indicated that the hla product
could be detrimental either for the host or for the bacterium,
depending on its level of expression. This further underlined
the need for complementary strategies to better understand
the complex S. aureus-host interaction.

Recent developments with the green fluorescence protein
reporter system have helped determine the expression of sar by
S. aureus in cardiac vegetations (9). Other strategies including
in vivo expression technology (25, 29) and signature-tagged
mutagenesis (21, 32, 42) became instrumental for detecting
genes that were either overexpressed during infection or es-
sential for bacterial survival at the infected site. However,
although they should provide information on the dynamic of in
situ gene expression and help reveal new targets for antistaphy-
lococcal compounds, neither of these techniques directly ad-
dresses the pathophysiological role of specific determinants in
infection.

Here we describe a method of gene transfer that might help
to answer this question. S. aureus pathogenic genes were trans-
ferred and expressed in a less virulent surrogate bacterium,
and the recombinants were tested for a gain of function. The
recipient did not have the staphylococcal background yet could
anchor surface proteins in a similar way (15, 34). This report
presents the successful transfer and expression of the S. aureus
clumping factor A (clfA) and coagulase (coa) genes, either
alone or in tandem, in the recipient Streptococcus gordonii
Challis. The impact of these two determinants on the ability of
the surrogate bacterium to adhere to platelet fibrin clots mim-
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TABLE 1. Relevant bacterial isolates and plasmid constructs

Bacterial isolate Relevant genotype

Phenotype or characteristics Reference or source

or plasmid
S. aureus Newman clfA coa
S. gordonii
Parent clfA coa
SMI 5 Parent () pSMI 1
SMI 14 SMI 5 AclfA
SMI 17 SMI 5 AermB::tetM
SMI 24 SMI 17 Q pSMI 7
SMI 28 SMI 17 Q pSMI 10
Plasmids
pIDC9 ermB
pVA891 ermB
pSMI 1¢ ermB, clfA
pSMI 2? ermB, 5'-clfA
pSMI 7¢ ermB, 5'-clfA-coa
pSMI 104 ermB, 3'-clfA-coa

CIfA* Coa™ 12

CIfA™ Coa™ Em* 28

CIfA* Coa™ Em* This work
CIfA™ Coa™ Em® This work
CIfA* Coa™ Em® Tc" This work
CIfA~ Coa™ Em" Tc" This work
CIfA* Coa* Em" Tc" This work
E. coli-Streptococcus suicide vector 6

E. coli-Streptococcus suicide vector 27
pIDCY::clfA (bp 284-3103) This work
pIDC9::5'-clfA (bp 284-477) This work
pSMI 2::5'-clfA-coa This work
pVAS891::3'-clfA-coa This work

“ Used to insert the clf4 gene into the S. gordonii chromosome.

b Used to delete a large 3'-end fragment (ca. 2 kb) from clf4 in S. gordonii SMI 5.

¢ Used to target the coa gene downstream of clf4 in S. gordonii SMI 17.

@ Used to create a mini-c/f4-coa operon by targeting coa downstream of clf4 in S. gordonii SMI 17.

icking cardiac vegetations in vitro and to produce experimental
endocarditis in rats is analyzed.

MATERIALS AND METHODS

1 i

Microor I and r ts. Bacteria and plasmids used are
listed in Table 1. All organisms were grown at 37°C. Stocks were kept at —70°C
in nutrient broth supplemented with 10% (vol/vol) glycerol. S. gordonii Challis
(39) was grown in brain heart infusion (BHI; Difco Laboratories, Detroit, Mich.
or on BHI supplemented with 3% blood; S. aureus Newman (12) was grown in
tryptic soy broth (TSB; Difco) or on TSB-agar; and Escherichia coli was grown in
Luria-Bertani (LB) broth or on LB-agar. Erythromycin was used at 5 mg/liter for
streptococci and 500 mg/liter for E. coli; streptomycin was used at 200 mg/liter;
and tetracycline was used at 2 mg/liter. Antibiotics and human fibrinogen (Sigma
Chemical Co., St. Louis, Mo.), rabbit plasma (bioMérieux, Marcy I’Etoile,
France), thrombin from (Diagnotec, Liestal, Switzerland), and DNA-modifying
enzymes from (Gibco Life Technologies, Gaithersburg, Md.) were used accord-
ing to the manufacturer’s instructions.

DNA preparation and genetic strategies. DNA was prepared by published
methods (30, 39). Plasmids were purified using a Qiagen plasmid midi kit (Qia-
gen GmbH, Hilden, Germany). Genetic transformation of S. gordonii Challis was
performed as described elsewhere (39). PCR amplification was carried out with

A pSMI1

Suicide vector

Recipient

parent
chromosome

: clfA ermB :

X Insertion duplication

a GeneAmp PCR system 9700 (Perkin-Elmer, Norwalk, Conn.). The following S.
gordonii recombinants were constructed.

(i) Construction of CIfA-positive S. gordonii. The S. aureus clfA gene (Gen-
Bank accession number Z18852) (31) was inserted into the streptococcal chro-
mosome by insertion duplication, using the suicide vector pJDC9 (6) (Fig. 1A).
A copy of clfA lacking its own promoter but carrying its ribosome-binding site
(RBS) was amplified from S. aureus Newman using the forward primer P1
(nucleotides 284 to 306; CGGAATTCTTAAAAAGAGGGAATAAAATGAA),
containing an EcoRI site (underlined), and the reverse primer P2 (nucleotides
3079 to 3103; CGCGGATCCTTATTTCTTATCTTTATTTTCTTTT), contain-
ing a BamHI site (underlined). The amplicon was ligated at the EcoRI/BamHI
sites of the suicide vector pJDC9 (pSMI 1 [Table 1]) downstream of random
streptococcal DNA fragments from an EcoRI chromosomal digest. The con-
structs were integrated by insertion-duplication into the streptococcal recipient
(Fig. 1A). The transformants were selected for erythromycin resistance (Em")
and screened both for c/f4 acquisition by PCR and for c/f4 expression by the
ability to clump in the presence of plasma. One Em' and CIfA-positive transfor-
mant was selected for further studies and called SMI 5 (Table 1).

(ii) Deletion of the clf4 gene from SMI 5. To inactivate the clf4 gene in SMI
5 (Fig. 1B), a 5'-end clfA fragment (nucleotides 284 to 477) was produced using
the forward primer P1 and the reverse primer P3 (nucleotides 457 to 477;
CGCGGATCCGAATCATTACTTTTGCTTTCG) containing a BamHI site

B pSMI 2

5'-clfA ermB

X Double cross-over

Recombinant

Inserted fragment

———ep
Deleted fragment

FIG. 1. Insertion and inactivation of clfA in the S. gordonii chromosome. (A) For insertion, a promoterless clfA copy (black boxes) containing
both its RBS and its stop codon was ligated into the suicide vector pJDC9 (6) downstream of random pieces of S. gordonii chromosomal fragments
(gray boxes). The constructs were transformed into parent streptococci and integrated by single-crossover homologous recombination. Recom-
binants were selected for Em" and screened for insertion and expression of c/f4. (B) For clf4 deletion, a 5'-end fragment of the gene was ligated
into pJDC9, generating pSMI 2, and the construct used to transform the clf4-positive recombinant SMI 5. Deletion was obtained by double-
crossover recombination as described elsewhere (38). The mutant SMI 14 (Table 1) contain a 2-kb internal deletion of clf4, as assessed both by

PCR and by Southern blot.



VoL. 69, 2001

S. aureus Newman S. gordonii Challis

4
s 3848
|
|

3

FLI-HFL1-Height

S. gordonii SMI 5 S. gordonii SMI 3

¢ } 8 62
|38 %8
%t 0! o To«  jor 10'

10! 1 10f 10 10!
FLIHFL-Height FLIHFL-Heght

FIG. 2. Macroscopic clumping and FACS analysis of S. aureus
Newman and S. gordonii producing or not producing CIfA. Macro-
scopic clumping was assessed by mixing bacteria with 10 wl of rabbit
plasma on a glass slide. FACS analysis was performed with both irrel-
evant antibodies (gray area) or purified anti-CIfA F(ab’), fragments
(white area) as described in Materials and Methods. Clumping and
FACS shifts were clearly observed both in S. aureus and in the strong
CIfA-producing recombinant SMI 5. In contrast, no clumping or FACS
shift was observed in the S. gordonii parent, and only moderate clump-
ing and FACS shift were present in the low CIfA-producing recombi-
nant SMI 3.

(underlined). The fragment was ligated into pJDC9, generating pSMI 2 (Table
1). pSMI 2 was transformed into SMI 5 and used to delete a large clf4 segment
by double-crossover recombination as described elsewhere (36) (Fig. 1B).
Clumping-defective mutants were enriched by treating the transformed cultures
with fibrinogen (10 mg/ml) followed by low-speed (400 rpm for 2 min) centrif-
ugation. Nonaggregating bacteria remained in the supernatant. The loss of clf4
was assessed both by PCR and by Southern blotting. One mutant, called SMI 14,
contained a 2-kb deletion encompassing the two-thirds of the 3’ end of the gene.

(iii) Construction of coagulase-positive S. gordonii. To express coa under the
same promoter as clfA, the suicide vector pSMI 2 was modified to generate pSMI
7 (Fig. 5A and Table 1). In pSMI 7, the 5'-end clf4 fragment (nucleotides 284 to
477) was followed by a promoterless copy of coa, carrying its RBS. The coa gene
(GenBank accession number X17679) (37) was amplified from the S. aureus
Newman chromosome, using the forward primer P5 (nucleotides 96 to 118;
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CGCGGATCCTGGAGGAATTAAAAAATTATAA), containing a BamHI site
(underlined), and the reverse primer P6 (nucleotides 2004 to 2024); CGCG-
GATCCTTATTTTGTTACTCTAGGCCC), also containing a BamHI site. The
BamHI site was used for appropriate ligation into pSMI 2. pSMI 7 was used to
target coa into the clfA open reading frame (ORF) of a tetracycline-resistant
(Tc") version of SMI 5 (SMI 17; see below and Table 1). Insertion-duplication
resulted in a clf4-coa transcriptional fusion as well as a silent promoterless
remnant copy of c/f4 (Fig. 5A). One mutant, called SMI 24 (Table 1), was further
studied.

To perform this experiment, we first changed the SMI 5 ermB to tetM. This
allowed the utilization of a new Em" marker for further constructs. Allelic
replacement of ermB by tetM was achieved by micro-homology PCR targeting
(2). tetM was amplified from the transposon Tn97/6 (GenBank accession number
U09422). The forward primer P7 (nucleotides 11801 to 11822 of Tn916; TTCT
CAAAACTTTTTAACGAGTGAAAAAGTACTCAACCAAAATTGGAGAT
TCCTTTACAA) encompassed nucleotides 133 to 172 of the ermB 5’ end (Gen-
Bank accession number M20334); underlined). The reverse primer P8 (nucleo-
tides 14022 to 14042 of Tn916; CGTGTAACTTTCCAAATTTACAAAAGCG
ACTCATAGAATCTAAGTTATTTTATTGAACAT) encompassed nucleotides
343 to 379 of the ermB 3' end (GenBank accession number M20335). The PCR
fragment (2318 bp) was used to transform competent cells of SMI 5, generating
SMI 17 (Table 1). PCR was used to confirm that all constructs had the expected
structures.

(iv) Construction of a CIfA and coagulase-positive S. gordonii. To create a
minioperon containing both clf4 and coa in streptococci, the coa gene was
targeted downstream of the far 3’ end of c/f4 (Fig. 5B). A 3’-end fragment of clfA
(nucleotides 2861 to 30103) was produced by using the forward primer P4
(nucleotides 2861 to 2881; CGGAATTCGACTCAGAAAGTGATTCAAAT)
containing an EcoRI site and as the reverse primer P2 (see above). The fragment
was subcloned at the EcoRI/BamHI site of the suicide vector pVA891 (27). A
coa copy in the right (5'-3") orientation was then ligated downstream of the clf4
fragment, at the BamHI site, generating pSMI 10 (Table 1). pSMI 10 was used
to transform SMI 17 (see above and Table 1). Insertion-duplication resulted in
a clfA-coa transcriptional fusion. Since both ORFs were intact, they were both
expressed. In addition, the transformants also contained an additional silent
3’-end replicate of clf4 (Fig. 5B). One mutant, called SMI 28 (Table 1), was
further studied.

PCR was used to confirm that all constructs had the expected structures.

Clumping activity, coagulase activity, and adherence to platelet-fibrin clots.
Ten-microliter aliquots of 50 mM sodium phosphate buffer (PBS) containing
10'° to 10'* CFU/ml from an overnight culture were mixed with equal volumes
of rabbit plasma or fibrinogen (1 mg/ml). Clumping was assessed either visually,
by the formation of instantaneous clumps when bacteria were suspended in
plasma, or quantitatively as described elsewhere (20). Surface-bound CIfA was
also determined by fluorescence-activated cell sorter (FACS) analysis, using
purified F(ab"), fragments from anti-CIfA rabbit polyclonal immunoglobulin G
(kindly provided by T. Foster, Dublin, Ireland). Bacteria were washed, sus-
pended in PBS containing 10% fetal calf serum-antibody solution (with 10 mg of
antibody/liter), and incubated for 2 h on ice. The cells were then washed twice
with PBS, suspended in PBS-10% fetal calf serum-antibody solution containing
F(ab'), fragments of a fluorescein isothiocyanate-labeled goat anti-rabbit anti-
body (TAGO, Inc., Burlingame, Calif.), and incubated for 1 h on ice before
washing and FACS analysis.

Coagulase activity was assessed either in whole bacterial cultures (for quali-
tative tests) or in culture supernatants (for quantitative tests). Coagulase activity
resulted in the formation of a firm plasma clot and thus was easy to distinguish
from the CIfA activity, which induced macroscopic bacterial clumping at the
bottom of the tubes without clot formation. For qualitative assessment, equal
volumes (150 pl) of overnight cultures and rabbit plasma were mixed and incu-
bated at 37°C. Coagulation was determined visually after 2, 4, and 24 h. For
quantitative titration, the cultures were centrifuged three consecutive times (at
12,000 X g for 5 min) to remove the bacterial cells. The supernatants were then
serially diluted with PBS, and equal volumes of rabbit plasma were added to the
tubes. The reaction was allowed to proceed as above, and the coagulation titer
was expressed as the reciprocal of the highest supernatant dilution triggering
coagulation. Finally, cell-bound coagulase activity (4) was tested by washing the
cells three times in 50 mM PBS, by centrifugation, before they were resuspended
in the same buffer and tested for qualitatively coagulase activity as above.

Adherence to human platelet-fibrin clots was measured as described elsewhere
(33).

Experimental endocarditis. Sterile aortic vegetations were produced in rats as
previously described (22). The ability of bacteria to produce endocarditis was
determined in parallel for the test organisms by inoculating groups of animals
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TABLE 2. Clumping and coagulase titers of S. aureus Newman and
S. gordonii expressing or not expressing CIfA and coagulase

Bacterial isolate Clumping titer” Coagulase titer”

S. gordonii
Parent (CIfA™ Coa™) 0 0
SMI 5 (CIfA™) 2,048 0
SMI 24 (CIfA— Coa™ 0 64
SMI 28 (CIfA+ Coa™) 2,048 128
S. aureus Newman (CIfA* Coa™) 1,024 64

¢ Inverse of highest twofold dilution of a fibrinogen solution leading to visible
clumping after addition of bacterial culture and overnight incubation at 4°C in a
microtiter assay.

b Inverse of highest twofold dilution of culture supernatant leading to plasma
coagulation during incubation at 37°C.

with increasing inocula (10° to 10° CFU) from cultures in the exponential phase
of growth. The rats were killed 12 h after bacterial challenge. The vegetations
were dissected, weighed, and plated for quantitative cultures. Bacteria containing
an antibiotic resistance marker were plated on both drug-containing and drug-
free agar. Bacterial densities in the vegetations were expressed as mean log,,
CFU per gram of tissue * standard deviation (SD). The detection limit was =2
log,, CFU/g of vegetation.

Statistical evaluation. The frequencies of valve infections were compared by
the x? test with Yates correction. Mean vegetation bacterial densities and in vitro
adherence ratios were compared by one-way analysis of variance (ANOVA), and
pairwise differences between the means of groups were determined by 7 test using
the Bonferroni correction. Differences between groups were considered signifi-
cant when P was <0.05 using two-tailed significance levels.

RESULTS

Chromosomal integration and functional expression of the
S. aureus clfA gene in S. gordonii. The aim of the initial exper-
iments was to achieve stable and functional expression of the
staphylococcal clfA gene in S. gordonii. To ensure stability, the
clfA gene was inserted into the streptococcal chromosome us-
ing the suicide vector pJDC9 (Em") (6), containing a copy of
the clfA gene as depicted in Fig. 1A. Transformants were
selected for Em" and screened for both integration and expres-
sion of clfA by PCR and spontaneous clumping in plasma,
respectively.

The rate of transformation to Em” was ca. 10~". In a typical
experiment, all of 13 Em" transformants carried a copy of the
clfA gene, and 5 (38%) of them expressed CIfA to various
degrees. Figure 2 indicates that bacterial clumping in the pres-
ence of plasma correlated with CIfA surface expression as
determined by FACS analysis.

SMI 5 (Table 1) was selected for further experiments. In this
organism, integration of heterologous DNA did not alter the
growth rate in vitro, and both Em" and CIfA were stable for up
to five consecutive passages (ca. 35 generation times) in drug-
free medium. Table 2 and Fig. 3 indicate that expression of
surface CIfA was comparable between SMI 5 and S. aureus
Newman, both in terms of titer (Table 2) and as determined by
FACS analysis (Fig. 3). Figure 3B indicates that the kinetics of
CIfA expression were similar in S. aureus Newman and the
CIfA-positive recombinant SMI 5. This was critical for the
relevance of the model, as CIfA production by S. gordonii
should mimic that of staphylococci.

Finally, examination of parent and mutant cells by phase-
contrast microscopy indicates that the two organisms formed
similar short chains of 2 to 10 individuals. This was important
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FIG. 3. Bacterial growth (A), production of CIfA (B), and produc-
tion of coagulase titration (C) as a function of time for S. aureus
Newman (dotted lines), the CIfA-positive recombinant S. gordonii SMI
5 (diamonds), and the coagulase-positive recombinant SMI 24
(squares). (A) Bacterial growth was followed by the optical density at
620 nm (ODyy,,) of the cultures. At various times, samples were re-
moved and processed either for FACS analysis (B) or for coagulase
titration (C). FACS analysis was performed with either anti-CIfA
(open symbols) or irrelevant (closed symbols) F(ab'), fragments, using
bacterial samples containing 10° CFU/ml. Controls using coagulase-
positive (but CIfA-negative) S. gordonii were negative by FACS and
are not represented. Determination of coagulase titers is indicated by
the highest twofold dilution of the culture supernatants triggering
coagulation of rabbit plasma after 24 h of incubation at 37°C. Coagu-
lase activity was expressed as a function of bacterial densities in the
cultures by dividing the measured coagulation titer by the number of
CFU (10°) in the culture.

for the preparation of bacterial inocula in further experiments.
Indeed, variations in bacterial chaining may result in misinter-
pretation of viable counts when assessed by CFU enumeration
of agar plates.

In vitro adherence and in vivo infectivity of CIfA-negative
and CIfA-positive S. gordonii transformants. The clfA-positive
SMI 5 recombinant was =5 times more adherent than the
ClfA-negative parent in vitro (P < 0.05, compared by one-way
ANOVA and by the ¢ test using the Bonferroni correction)
(Fig. 4A). Moreover, when the clfA determinant of SMI 5 was
deleted (Fig. 1B), adherence of the AclfA construct SMI 14
(Table 1) had returned to that of the parent strain.

Parent and SMI 5 and Acl/fA SMI 14 mutant strains were
further tested for the ability to infect rats with catheter-in-
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FIG. 4. In vitro adherence (A) and in vivo infectivity (B) of the CIfA-negative parent S. gordonii, the CIfA-positive recombinant SMI 5, and its
ClfA-negative (Aclf4) mutant SMI 14. In vitro adherence was performed as described elsewhere (33). Data points indicate the mean = SD
adherence ratios of 12 to 24 individual determinations for each isolates. The adherence ratios of the CIfA-positive SMI 5 were significantly greater
than that of either the parent or the AclfA mutant SMI 14 (P < 0.05, as determined by one-way ANOVA and pairwise comparisons using the ¢
test with Bonferroni correction). For in vivo infection, each dot represents the vegetation bacterial density in one rat killed 12 h after bacterial
challenge. Densities of less than 2 log,, CFU/g of vegetation were below detection limit and are indicated below the columns. The SMI 5
transformant was significantly more infective than the two comparative isolates (P < 0.05, as determined by the x* test with Yates correction).

duced aortic vegetations (14, 33). Groups of animals were
inoculated in parallel with similar numbers of CFU of each of
the test organisms. Figure 4B depicts the frequency and sever-
ity of valve infection in rats challenged with 10* CFU, an
inoculum that reproducibly infected 20 to 30% of animals
challenged with the parent cells (33). In these experiments, the
differences between the CIfA-positive mutant SMI 5 and either
the CIfA-negative parent or the CIfA-negative mutant SMI 14
were statistically significant (P < 0.05, compared by the x> test
with Yates correction). All CIfA-positive streptococci recov-
ered from the valves had retained the Em" marker.

At a lower inoculum (10> CFU), none of nine animals chal-
lenged with the parent became infected and only two (22%) of
the nine challenged with SMI 5 developed endocarditis (P >
0.05). At a higher inoculum (10° CFU), on the other hand,
both the parent and the SMI 5 recombinant infected all rats
(five of five and six of six, respectively). Thus, although CIfA

production clearly increased infectivity, the difference was con-
fined to a specific range of inoculum sizes.

Rats that developed endocarditis had similar vegetation bac-
terial densities at the time of sacrifice (5.79 = 0.71 [n = §],
5.18 £ 1.53 [n = 20], and 5.72 = 1.03 [n = 10] log,, CFU/g of
tissue [mean * SD] for S. gordonii [CIfA~ Coa ], SMIS
[CIfA™ Coa™], and SMI 28 [CIfA™ Coa™], respectively), irre-
spective of the infecting organisms. This suggested that once in
the vegetation milieu, parent and SMI 5 cells grew at similar
rates. Therefore, CIfA was likely to operate at an early step of
infection, e.g., during attachment and colonization of the dam-
aged valves.

In vitro adherence and in vivo infectivity of coagulase-pos-
itive S. gordonii recombinants. A shuttle system was developed
to deliver the coa gene under the same promoter as clf4 (Fig.
5A). This was important to avoid additional genetic alterations
in the mutants. One stable coagulase-positive and clf4-nega-

A pSMI 7 B pSMI 10
Suicide vector
5-cifA coa ermB 3'-cifA coa ermB

Recipient X Insertion duplicati X ; ot

plication Insertion duplication
chromosome MY Wi SMIYT o B N

ermB::tet\ ermB::tetV
. 5'-clfA coa ermB clifA ermB::tetM clfA  coa ermB  3'-clfA ermB::tetM

Recombinant £ — (] fEs ; — W

Inserted fragment

Inserted fragment

FIG. 5. Strategies used to create clfA-coa transcriptional fusion to express coa either alone (A) or together with clfA4 in an artificial minioperon
(B). The CIfA-positive and Tc" mutant SMI 17 was used as a recipient. (A) The pSMI 7 suicide vector carrying clfA::coa fusion was transformed
into SMI 17. Transformants were selected for Em"-Tc" double resistance and screened for both the acquisition of coagulase activity and the loss
of clumping ability. (B) To generate a clfA-coa minioperon, the same promoterless coa amplicon was inserted downstream of a short 3'-end cif4
stretch into the suicide vector pVA891 marker (27) (pSMI 10 [Table 1]). This allowed targeting the recombinant vector downstream of the SMI
17 clfA OREF, positioning coa just after the clfA stop codon. Transformants were selected for Em'-Tc" and screened for the coexpression of both
clumping and coagulase activities.
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FIG. 6. In vitro adherence (A) and in vivo infectivity (B) of the
coagulase-negative parent S. gordonii and its coagulase-positive trans-
formant SMI 24. The coagulase-positive SMI 24 transformant isolate
was neither more adherent to platelet-fibrin matrices (P < 0.05) nor
more infective rats with experimental endocarditis (P < 0.05) than the
parent S. gordonii. Details are as for Fig. 4.

tive transformant (SMI 24 [Tables 1 and 2]) was characterized.
Production of coagulase in the culture supernatant was similar
to that of S. aureus Newman in terms of both titers and kinetics
(Table 2 and Fig. 3C). Moreover, like S. aureus, SMI 24 pro-
duced both secreted and surface-bound coagulase (4) (data not
presented). However, coagulase increased neither in vitro ad-
herence nor in vivo infectivity in rats killed at 12 h (Fig. 6).
Moreover, in one experiment testing the effect of coagulase on
later infection, i.e., in animals killed at 5 days, coagulase did
not increase vegetation bacterial density over that of the parent
cells. Paradoxically, it even tended to decrease it. At day 5,
vegetation bacterial titers (mean = SD CFU/gram of vegeta-
tions) were 8.27 * 2.05 in seven rats inoculated with the par-
ent, compared to 6.58 = 2.04 in eight rats infected with the
coagulase-positive mutant SMI 24 (P = 0.03, compared by the
Student ¢ test).
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Infectivity of CIfA and coagulase double-positive transfor-
mants of S. gordonii. The final objective of these experiments
was to test whether coexpression of CIfA and coagulase might
affect pathogenesis. An artificial clf4-coa operon was con-
structed in S. gordonii as illustrated in Fig. 5B. Seven (50%) of
fourteen transformants carrying the appropriate antibiotic
markers (Em'™-Tc") expressed both clumping and coagulase
activity. One stable transformant was analyzed for quantitative
results (SMI 28 [Table 1]) and produced similar CIfA and
coagulase titers similar to those for S. aureus (Table 2). Figure
7 indicates that the mutant was also significantly more adher-
ent and infective than the parent S. gordonii (P < 0.05 for
both). However, it was not more adherent or infective than
SMI 5, expressing CIfA alone. Therefore, coexpression of CIfA
and Coa did not increase the infectivity over that of single
clfA-positive transformants.

DISCUSSION

The goal of this work was to develop a model of adoptive
pathogenesis to study single or multiple staphylococcal patho-
genic factors expressed in a surrogate bacterium lacking the
whole S. aureus pathogenic background. The results indicated
that both staphylococcal CIfA and coagulase could be func-
tionally expressed by S. gordonii. Moreover, they clearly con-
firmed a role for CIfA, but not coagulase, in the pathogenesis
of experimental S. aureus endocarditis in vivo (1, 33). Recom-
binant streptococci expressing CIfA had a gain in adherence to
platelet-fibrin clots in vitro as well as in infectivity in vivo.
Moreover, this positive effect was lost when the clf4 insert was
deleted from the streptococcal recombinants.

This was reminiscent of experiments with the clfA4-inacti-
vated S. aureus Newman, where deletion and complementation
of the clfA gene resulted in marginal differences in the infective
doses in rats with experimental endocarditis (33). In these
experiments, the limited impact of c/f4 deletion was attributed
to the redundancy of surface adhesins, including the recently
described CIfB (35), FnBPs (16), and other determinants that
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FIG. 7. Invitro adherence (A) and in vivo infectivity (B) of the parent S. gordonii, its CIfA™ transformant SMI 5, and its CIfA™ Coa™ derivative
SMI 28 (Tables 1 and 2). Both SMI 5 and SMI 28 (Table 1 and 2) were significantly more adherent (P < 0.05) and infective (P < 0.05) than the
parent strain but did not behave differently from each other (P < 0.05 for both in vitro adherence and in vivo infectivity), indicating that coagulase
did not add to the pathological effect of CIfA. Details are as for Fig. 4.
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might mediate adherence to endovascular lesions. Therefore,
the potential contribution of CIfA could not clearly be defined.
The present study on the other hand, provided a positive find-
ing in this regard, demonstrating that expression of clf4 by a
naive and unrelated organism conferred a significant increase
in both adherence and infectivity to the surrogate bacterium.
Thus, the results of these two complementary approaches iden-
tify CIfA as one major staphylococcal factor mediating endo-
vascular attachment and infection.

A second determinant that might be an important S. aureus
pathogenic factor is coagulase (26, 37, 41). However, the exact
role of coagulase in staphylococcal infection has not been es-
tablished. Coagulase was shown to increase virulence in a mu-
rine model of mammary abscess (37) and pulmonary infection
(41), but to have no effect on experimental endocarditis (1, 33).
This lack of effect was further demonstrated in the present
study. Recombinant S. gordonii produced both surface-bound
and secreted coagulase at levels similar to those produced by S.
aureus Newman. It was surprising that the impressive blood
clotting triggered in vitro by either coagulase-producing staph-
ylococci or recombinant streptococci did not result in some
increased virulence in the vegetations. Moreover, in the
present study this was true for animals killed early (at 12 h) or
later (5 days) after inoculation, indicating that coagulase did
not influence late infection either. Therefore, the role of this
second determinant in endocarditis remains undetermined.

Finally, the concurrent expression of CIfA and coagulase in
S. gordonii did not increase in vitro adherence and in vivo
infectivity over that of single CIfA-positive recombinants. This
was again reminiscent of the staphylococcal situation, where
double deletion of the CIfA and coagulase determinants did
not decrease infectivity more profoundly than in mutants car-
rying a single clfA deletion alone. In this study CIfA and co-
agulase were expressed in comparable amounts by S. aureus
Newman and the surrogate streptococci. Moreover, the kinet-
ics of production during bacterial growth indicated that the two
factors were simultaneously present on the cell surface. There-
fore, the lack of synergism between CIfA and coagulase in
experimental endocarditis indicates that molecular coopera-
tion implicating these determinants was not a pathogenic
mechanism in the present model of infection.

In conclusion, the present study describes a genetic tech-
nique that may help dissect the role of putative gram-positive
virulence factors by reconstituting them in a less pathogenic
organism. In similar types of experiments, Salmonella genes
transferred into E. coli helped to identify factors involved in
both adherence and invasion of the host (11, 13). Thus, such an
adoptive (gain-of-function) strategy may be an indispensable
corollary of classical knockout mutagenesis, which always car-
ries the risk of underestimating the effect of a given deletion on
the expression of other pathogenic determinants or on non-
specific bacterial fitness. The present results indicate that in-
dividual and concurrent expression of two proteins that were
thought to be important virulence determinants in staphylo-
cocci could be achieved in S. gordonii.

The genetic techniques demonstrate the feasibility of the
concept and open the possibility for more sophistication. Ex-
pression of genes integrated into the chromosome may be
more stable and reliable than determinants cloned in multi-
copy plasmids. On the other hand, the development of expres-
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sion vectors and in bacteria less pathogenic than S. gordonii,
such as lactococci (40), may allow more flexibility in gene
cloning and expression. Considering the complexity of patho-
genic gene regulation in S. aureus, adoptive pathogenesis might
become a standard complementary test to identify the impor-
tant factors.
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